The AAA þ protein ClpC is not only involved in the removal of misfolded and aggregated proteins but also controls, through regulated proteolysis, key steps of several developmental processes in the Gram-positive bacterium Bacillus subtilis. In contrast to other AAA þ proteins, ClpC is unable to mediate these processes without an adaptor protein like MecA. Here, we demonstrate that the general activation of ClpC is based upon the ability of MecA to participate in the assembly of an active and substrate-recognizing higher oligomer consisting of ClpC and the adaptor protein, which is a prerequisite for all activities of this AAA þ protein. Using hybrid proteins of ClpA and ClpC, we identified the N-terminal and the Linker domain of the first AAA þ domain of ClpC as the essential MecA interaction sites. This new adaptormediated mechanism adds another layer of control to the regulation of the biological activity of AAA þ proteins.
Introduction
HSP100/Clp proteins are ring-forming oligomeric proteins and members of the AAA þ superfamily, which use ATPdependent conformational changes within the oligomer to drive various cellular processes (Ogura and Wilkinson, 2001; Sauer et al, 2004) .
ClpC of the Gram-positive bacterium Bacillus subtilis is an HSP100/Clp protein with unique properties. Through regulated proteolysis, ClpC controls not only key steps of developmental processes, like competence (Turgay et al, 1998) , sporulation (Pan et al, 2001 ) and regulation of stress response (Krü ger et al, 2001; Kirstein et al, 2005) , but also participates in protein quality control (Krü ger et al, 2000; Schlothauer et al, 2003) .
Like most members of the HSP100/Clp family, including ClpA and ClpX from Escherichia coli, ClpC associates with the oligomeric peptidase ClpP to form an ATP-dependent protease, similar to the eukaryotic proteasome (Turgay et al, 1998; Gerth et al, 2004) . These HSP100/Clp proteins recognize, unfold and translocate substrate proteins for degradation by ClpP (Horwich et al, 1999) . Another important activity of HSP100/Clp family proteins is the disaggregation and refolding of previously aggregated proteins, exemplified in E. coli by ClpB (Weibezahn et al, 2004) .
ClpC consists of two AAA þ domains, of which the first AAA þ domain (D1) contains an additional N-domain, homologous to the N-domains of ClpA or ClpB, and a Linker domain homologous to, but half the size of the middle domain of ClpB ( Figure 1A ). The Linker domain consists of a coiled-coil structure, which is inserted into the smaller C-terminal subdomain of D1 (Lee et al, 2003) .
Several adaptor proteins for bacterial HSP100/Clp proteins were recently identified and characterized. They expand, change or enhance the substrate recognition of the respective partner AAA þ protein (Dougan et al, 2002a) . For example, the adaptor proteins SspB (Levchenko et al, 2000) and RssB (Zhou et al, 2001; Stü demann et al, 2003) target specific substrates to ClpX, forming a substrate delivery complex by interacting with the N-domain of ClpX and the substrate Levchenko et al, 2003; Song and Eck, 2003; Bolon et al, 2004) . Another adaptor protein, ClpS, changes the substrate specificity of ClpA by interacting with the N-domain of ClpA (Dougan et al, 2002b; Guo et al, 2002a; Zeth et al, 2002) . However, all these adaptor proteins are only modulators and not necessary for the basic functions of their partner proteins, which are also fully active in their absence. In contrast, all the general activities of ClpC of B. subtilis, including chaperone activities and degradation of general substrates like casein, depend on the presence of the adaptor protein MecA or its YpbH paralog, which are unrelated to the adaptor proteins identified in E. coli (Schlothauer et al, 2003) .
In fact, MecA has been initially discovered together with ClpC in the same genetic screen for repressors of competence development (Dubnau and Roggiani, 1990) . Subsequently, it was demonstrated that MecA is essential for ClpCP-mediated regulated degradation of the transcription factor ComK, which controls competence development (Turgay et al, 1997 (Turgay et al, , 1998 .
In vitro experiments demonstrated that either MecA or YpbH were essential for the general chaperone activity of ClpC, which included disaggregation and refolding or together with ClpP degradation of previously aggregated proteins. MecA consists of two domains. The N-terminal domain (NTD) of MecA is necessary for the recognition and targeting of substrate proteins (Persuh et al, 1999; Schlothauer et al, 2003) , whereas the C-terminal domain (CTD) of MecA ( Figure 1A ) is responsible for the interaction with ClpC and the induction of the ClpC ATPase activity.
We were interested in understanding why an adaptor protein like MecA is necessary for virtually all the activities of ClpC. Here, we demonstrate that MecA regulates the activity of ClpC by facilitating the oligomerization of ClpC. In the presence of ATP, this results in the formation of an active substrate-recognizing higher oligomer consisting of ClpC and MecA. Our results also demonstrated that MecA interacts with both the N-domain and the Linker domain of ClpC and that this interaction is essential for the oligomerization. The adaptor-controlled oligomerization of ClpC, mediated by the N-domain and the Linker domain of ClpC, represents a new mechanism of regulating AAA þ protein activity.
Results

MecA and ClpC form a heterodimeric complex
Previously, it has been demonstrated that the induction of ATPase activity correlates with the increase of the chaperone activity of ClpC with MecA (Schlothauer et al, 2003) . However, the molecular mechanism behind this activation of the HSP100/Clp protein by an adaptor protein remained elusive. A correlation between the ATPase activity, chaperone activity and the oligomeric ring formation of HSP100/Clp proteins has been observed for other homologs of ClpC, like ClpA, ClpB and HSP104 (Singh and Maurizi, 1994; Hattendorf and Lindquist, 2002; Mogk et al, 2003b) . Therefore, we set out to examine the oligomeric state of ClpC and its dependence on MecA.
We used size-exclusion chromatography with different gelfiltration columns and varying buffer conditions either in the presence or in the absence of ATP, ADP or ATPgS to analyze the oligomeric state of ClpC and MecA. At concentrations ranging from 1 to 10 mM of ClpC, we could not detect higher oligomeric forms of ClpC ( Figure 1B and data not shown), unlike previously demonstrated, for example, ClpA or ClpB. When we added MecA to ClpC, a peak, shifted to higher molecular weight of 134 kDa, as determined by multiangle light scattering (Mogk et al, 2003a) , was detected in the elution profile ( Figure 1B and data not shown). Analysis of the fractions by SDS-PAGE with colloidal Coomassie stain, silver stain or Western blot analysis confirmed the presence of both ClpC and MecA in this peak ( Figure 1B and data not shown).
These results suggested that ClpC and MecA form a heterodimeric complex independent of the presence of ATP, ATPgS or ADP. However, the experiments do not rule out that a higher oligomeric complex might exist under equilibrium conditions, but is kinetically not stable enough to be detected by the gelfiltration experiments. To further analyze the oligomeric state of ClpC and MecA, we used analytical ultracentrifugation or chemical crosslinking with glutaraldehyde (GA) (Mogk et al, 2003b) with subsequent sizeexclusion chromatography.
ClpC and MecA form a distinct higher oligomeric complex in the presence of ATP or ADP We used analytical ultracentrifugation to probe the complex formation under equilibrium conditions. When ClpC and MecA were incubated simultaneously in equimolar concentrations, the analysis of the equilibrium sedimentation experiments demonstrated that a stably associated higher oligomeric complex appeared in the presence of ADP or ATP. The radial distribution of the protein upon equilibrium sedimentation could be described as a single species with an apparent molecular weight of 747719 kDa (Figure 2A ). When the relative amount of MecA was raised, the size of this complex did not increase, instead an additional species appeared, whose size corresponded to an MecA dimer (data not shown). These results are consistent with the formation of a hexamer of ClpC interacting with six MecA monomers.
Experiments with ClpC and MecA alone without nucleotides demonstrated that ClpC sediments as observed in the gelfiltration experiments as a monomer of 96 kDa and MecA in a monomer (28 kDa) to dimer (56 kDa) equilibrium (data not shown).
To compare directly the effect of the presence of MecA and ATP on the oligomerization state of ClpC, sedimentation velocity experiments performed with ClpC in the presence or absence of MecA and/or ATP are presented in Figure 2B -D. ClpC and MecA in the presence of ATP associated to a homogeneous particle with a sedimentation rate of 12.5S. The fast sedimenting species (80% of the signal) could be described by an apparent value of 12.5S, the slow sediment- ing species (20% of the signal) corresponds to nonassociated MecA ( Figure 2B ). In contrast, in the absence of MecA, half of the ClpC population displayed heterogeneous association with a higher apparent sedimentation rate (19.2S) in the presence of ATP. The remaining ClpC did not associate at all ( Figure 2C ). Under the same conditions, ClpC and MecA without ATP displayed no apparent association to higher oligomeric structures ( Figure 2D) .
We also used a chemical crosslink approach with subsequent gelfiltration to examine the oligomeric state of ClpC and the influence of MecA. The results of these experiments (Supplementary Figure 1a) demonstrated that in the presence of ADP, ATP or ATPgS, a higher oligomeric complex larger than 670 kDa formed only in the presence of ClpC and MecA.
Using negative staining electron micrograph (EM), we obtained EMs of the crosslinked higher oligomeric complex of ClpC and MecA with ATPgS. The results depicted in Supplementary Figure 1b demonstrated that a homogeneous population of structured particles with distinct size and form was detected.
Consistent with the ultracentrifugation experiments ( Figure 2C ), we observed in the absence of MecA and the presence of ATP, ADP or ATPgS a distinct crosslinked high molecular weight complex of ClpC, which eluted at a significant higher molecular size of more than 1000 kDa compared to the complex formed in the presence of MecA. An inspection of EMs (Supplementary Figure 1b) , of these crosslinked complexes, revealed a heterogeneous population of diffuse structures with not well-defined boundaries, which were generally about two-third larger in size compared to the structured particles stemming from the ClpC and MecA crosslinked in the presence of nucleotides. The heterogeneous higher oligomer formed by ClpC in the presence of ATP could be fully reactivated by the addition of MecA even after a prolonged incubation time (data not shown).
These results demonstrate that under equilibrium conditions, MecA facilitates the formation of a functional homogeneous higher oligomeric complex containing a ClpC hexamer and six MecA in the presence of nucleotides.
ClpC-DWB forms a distinct stable higher oligomeric complex with MecA in the presence of ATP It has been shown for other AAA þ proteins that a mutation of the Walker B motif, which prevents hydrolysis but not binding of ATP, could result in stronger substrate interaction state and helped to stabilize the higher oligomeric form of these proteins (Babst et al, 1998; Hartman and Vale, 1999; Weibezahn et al, 2003; Bösl et al, 2005; Hersch et al, 2005) . To further analyze the oligomeric state of ClpC and the influence of MecA, we used a mutated variant of ClpC in which the conserved glutamate residue within the Walker B motif in both ATPase domains was changed to alanine (ClpC E280A/E618A referred to as ClpC-DWB).
We examined the oligomeric state of the ClpC-DWB variant and could not detect higher oligomeric forms of ClpC-DWB by size-exclusion chromatography with or without ATP or ADP ( Figure 3A and data not shown). We detected a ClpC-DWB MecA heterodimer peak, as demonstrated for MecA and ClpC ( Figure 1B ), in the absence of ATP. When we used ClpC-DWB in the presence of MecA and ATP, we observed the formation of a defined higher oligomeric complex, in addition to the already observed heterodimer complex ( Figure 3A and data not shown). Using multiangle light scattering, we determined the size of this complex to be 769 kDa, which was consistent with the size determined by sedimentation equilibrium ultracentrifugation of the ClpC-DWB/MecA complex in the presence of ATP (data not shown). It eluted at the same volume as the crosslinked wild-type (wt) ClpC with MecA incubated with ATPgS (Supplementary Figure 1a) .
These results demonstrated that ClpC-DWB formed with MecA a complex similar to the one already detected for ClpC and MecA with the ultracentrifugation experiments ( Figure 2 ). In addition, this complex formed by the ATP binding but not hydrolyzing variant of ClpC, interacting with MecA, was kinetically stable enough to be detected by gelfiltration ( Figure 3A) .
We further characterized this higher oligomeric complex by negative staining EM. The results depicted in Figure 3B revealed distinct particles, which are similar in size and form to the particles observed for the higher oligomers of crosslinked ClpC and MecA preincubated with ATPgS (see Supplementary Figure 1a ). They appear even more structured, sometimes striated, resembling EMs of other HSP100/Clp proteins like ClpA Grimaud et al, 1998; Ishikawa et al, 2001) . The CTD of MecA is sufficient to induce the ATPase of ClpC (Persuh et al, 1999; Schlothauer et al, 2003) . If the induction of the ATPase activity correlates with ClpC oligomerization, then the addition of the CTD of MecA should also be sufficient for the oligomerization of ClpC. We tested this hypothesis and could demonstrate that in the presence of ATP, the CTD of MecA formed with ClpC-DWB the higher oligomeric complex (Supplementary Figure 2) .
These results suggested that the interaction of MecA with ClpC in the nucleotide-bound state is a prerequisite for the formation of a stable higher oligomeric complex, possibly via the heterodimer intermediate.
Macromolecular crowding
We also confirmed in vitro that macromolecular crowding (van den Berg et al, 1999) did not influence the activity and the oligomerization of ClpC and MecA (see Supplementary data and Supplementary Figure 2b) .
The higher oligomer complex of ClpC-DWB with
MecA constitutes the active substrate-binding species of this chaperone system As we were able to monitor the formation of the higher oligomer complex of ClpC-DWB and MecA, we were interested whether a substrate of MecA and ClpC, like ComK, could stably associate with this complex (Turgay et al, 1997) . The result depicted in Figure 4A demonstrated that a stable distinct high oligomeric complex containing ClpC-DWB, MecA and ComK-MBP, which was shifted to a higher molecular size of 896 kDa (measured by multiangle light Figure 3 (A) A stable higher oligomeric complex containing both ClpC-DWB and MecA was detected by gelfiltration in the presence of ATP. The elution profile of size-exclusion chromatography experiments with ClpC-DWB (10 mM) with or without MecA (10 mM), preincubated with ATP (5 mM) and 0.5 mM ATP in the running buffer, as indicated. The relative position and molecular weights of standard proteins are indicated above the elution profile. The size of the higher oligomeric complex (76973 kDa) determined by multiangle light scattering is indicated. The fractions of the experiment with ClpC-DWB and MecA in the presence of ATP were analyzed as described in Figure 1 and depicted below the elution profile. (B) The EM (76 000 Â enlarged) of negatively stained (0.5% uranyl acetate) particles of ClpC-DWB and MecA (10 mM) preincubated with ATP (2 mM) is depicted. The length of the bar is 50 nm.
scattering) compared to the ClpC-DWB complex (769 kDa), was formed in the presence of ATP. Similar results were obtained for the alternative substrate a-casein (data not shown). This also demonstrates that substrate proteins like a-casein and ComK are not involved in oligomerization or activation of ClpC ( Figure 4A and Turgay et al (1997) , Persuh et al (1999) and Schlothauer et al (2003) ).
A complex of the same size was detected when ClpC, MecA and ComK-MBP were incubated and subsequently chemically crosslinked in the presence of ATPgS (data not shown). In contrast, a shift to a higher molecular weight was not observed when only ClpC and ComK-MBP were incubated and crosslinked in the presence of nucleotides, suggesting that the transient higher oligomer of ClpC, formed in the presence of nucleotides, could not interact with substrate (data not shown).
Substrate proteins, like ComK and a-casein, did not coelute with the higher oligomeric complex of ClpC-DWB, when the CTD of MecA, lacking the N-terminal substrate-binding domain, instead of full-length MecA was used (Turgay et al, 1997; Persuh et al, 1999; Schlothauer et al, 2003 ; data not shown).
Taken together, these results demonstrated that the higher oligomeric complex of ClpC with full-length MecA constitutes the active substrate-binding species of this chaperone system.
MecA is necessary for the formation of the ClpCP protease complex
It was demonstrated previously with in vitro and in vivo protein degradation and stability experiments that ClpC can form with ClpP analogous to ClpAP or ClpXP the ClpCP protease (Turgay et al, 1998; Schlothauer et al, 2003; Gerth et al, 2004) . In addition, the sequence of ClpC contains the loop necessary for the interaction with ClpP (Kim et al, 2001; Singh et al, 2001) . The E. coli ClpP can form a stable doubleheptameric ring (Wang et al, 1997; Maurizi et al, 1998) . It could be hypothesized that such a barrel-like structure might also act as platform to support the oligomerization of ClpC. To test this hypothesis, we performed the gelfiltration experiment with ClpP and ClpC-DWB in the presence of ATP and compared it to the experiment where we also added MecA ( Figure 4B ). In the absence of MecA and in the presence of ATP, both ClpC-DWB and ClpP appear to elute as monomers. This is in contrast to results obtained for ClpAP or ClpXP from E. coli (Kessel et al, 1995; Maurizi et al, 1998) . Our observation that ClpP from B. subtilis, unlike ClpP from E. coli, behaved as a monomer was confirmed, when we compared the sedimentation behavior of ClpP from B. subtilis and E. coli by analytical ultracentrifugation (Supplementary Figure 2c) .
When MecA was added, a new peak appeared, which contains ClpC-DWB, ClpP and MecA. The peak had a molecular weight of 1840 kDa and appeared homogeneous as determined by multiangle light scattering. This size is consistent with two ClpC hexamers, each interacting with six MecA's stacked on both sides of the double heptameric ClpP barrel. Such complexes are functional and had been observed before for ClpXP and ClpAP from E. coli (Kessel et al, 1995; Beuron et al, 1998; Maurizi et al, 1998; Ortega et al, 2000 Ortega et al, , 2002 . These results again demonstrate that MecA is necessary for the formation of an active ClpC hexamer and in addition suggest that in B. subtilis the formation of this complex might have to precede the final assembly of ClpP barrel structure to create the functional ClpCP complex.
A high molecular weight complex of MecA and ClpC can be detected in vivo
A connection between the presence of MecA and the formation of higher oligomers of ClpC is difficult to prove in vivo, partially because at least two proteins were identified as adaptor proteins for ClpC (Persuh et al, 2002; Schlothauer et al, 2003) and the presence of not yet known adaptor proteins has been proposed (Pan and Losick, 2003; Kock et al, 2004) . We prepared lysates from the exponential growth phase of the respective B. subtilis strains grown in full medium at 371C. Subsequently, these lysates were separated by size-exclusion chromatography and analyzed by Western blot with the respective antibodies. In lysates prepared from a clpC deletion strain, MecA was detected only in a lower molecular weight range up to 44 kDa. But in wt and clpC-DWB strains, MecA was in addition also detected at a size consistent with the higher oligomer of ClpC and MecA ( Figure 4C and data not shown), suggesting that the presence of ClpC was necessary to detect MecA molecules at a size consistent with the size of the higher oligomeric complex of ClpC and MecA.
Both the N-domain and the Linker domain of ClpC are essential for the interaction with MecA
We examined the effect of MecA on ClpC protein variants in which only the first or the second Walker B motif (ClpC E280A referred to as ClpC-WB1 and ClpC E618A referred to as ClpC-WB2) was modified. In the presence of ATP, only ClpC-WB1 and not ClpC-WB2 could form the stable higher oligomeric complex with MecA as detected by size-exclusion chromatography (data not shown). This indicated that a conformational change driven by ATP hydrolysis in the first AAA þ domain (D1) prevented a stable association of MecA, suggesting that the interaction site with MecA could be located in, or closely associated with D1 of ClpC. Interestingly, two accessory domains, the N-domain and the Linker domain, are directly associated with the D1 of ClpC ( Figure 1A ). Recently, it was shown that the N-domain of ClpA (Dougan et al, 2002a; Guo et al, 2002a; Zeth et al, 2002) and ClpX Wah et al, 2003) were responsible for interaction with specific adaptors. The Linker domain is unique to the ClpC subfamily (Schirmer et al, 1996) and is therefore an alternative candidate for the interaction with the ClpC-specific adaptor protein MecA (Schlothauer et al, 2003) .
To determine if these domains are responsible for the MecA and ClpC interaction, we initially constructed variants of ClpC lacking the N-domain (ClpC-DN) or the Linker domain (ClpC-DLi) (see Figure 5A ). Judged by circular dichroism spectroscopy measurements, both ClpC variants appeared to be properly folded (data not shown). They displayed the same very low basal ATPase rate as full-length ClpC (0.24 min À1 /ClpC) (Schlothauer et al, 2003) , but the basal ATPase of ClpC-DN and ClpC-DLi was no longer inducible by MecA. Furthermore, all MecA-dependent chaperone activity was lost (data not shown), suggesting that MecA could no longer interact with these ClpC variants. Judged by gelfiltration experiments, a ClpC/MecA heterodimer was no longer detectable for both deletion variants (data not shown).
To further understand the interaction between ClpC and MecA, we used surface plasmon resonance (SPR), as described previously (Persuh et al, 1999; Turgay et al, 2001 ). Here, we attached the CTD of MecA to the sensor surface and followed the formation of the heterodimer with ClpC, ClpCDLi and ClpC-DN in the absence of ATP.
Removal of the Linker domain strongly reduced the interaction between ClpC-DLi and the CTD of MecA. The interaction of ClpC-DN with MecA, measured by SPR on the same surface, was detectable but weaker compared to ClpC-DLi ( Figure 5B ).
Owing to the deletion of the N-domain or the Linker domain, MecA could not form the stable heterodimer with ClpC. Consistent with this finding, MecA did not assist the oligomerization of ClpC-DN or ClpC-DLi as demonstrated by size-exclusion chromatography and GA crosslink experiments (data not shown). We conclude that the presence of both the NTD and the Linker domain of ClpC are necessary for the ATP-independent interaction with MecA and the subsequent formation of the higher oligomer consisting of ClpC and MecA.
The N-domain of ClpC and the Linker domain of ClpC interact with the CTD of MecA
To confirm the role of the N-domain and Linker of ClpC in the interaction with MecA, we used ClpA from E. coli as scaffold to construct several different hybrid proteins. In the first hybrid protein, we inserted the Linker domain of ClpC (ClpA-CLi). In the second hybrid, we exchanged the N-domain of ClpA and ClpC (CNTD-ClpA). Finally, a third ClpA double hybrid protein was constructed in which both the Linker domain and N-domain were introduced into ClpA (CNTD-ClpA-CLi) (see Figure 5C ).
All purified hybrid proteins displayed the same basal ATPase activity as ClpA (42 min À1 /ClpA), suggesting that they were not structurally perturbed. /CNTD-ClpA-CLi) for the double hybrid). Importantly, the ATPase of ClpA was not stimulated by MecA, which suggested that MecA specifically interacted with the hybrid proteins.
To study directly the interaction of the hybrid proteins with MecA, we examined the protein-protein interaction between the CTD of MecA and the hybrid proteins as described above by SPR. The results displayed in Figure 5D demonstrated that ClpC interacted with MecA, whereas it was not possible to measure an interaction with ClpA. In contrast to ClpA, ClpA-CLi exhibited a weak interaction with MecA, whereas the CNTD-ClpA hybrid interacted more strongly and the ClpA double hybrid protein interacted as strong as wt ClpC with MecA.
These results clearly demonstrate that the presence of the N-domain of ClpC and the Linker domain are not only necessary but also sufficient for the interaction with MecA.
As a next step, we wanted to examine whether this was a functional interaction. To do so, we tested the ability of the double hybrid CNTD-ClpA-CLi to degrade MecA in the presence of E. coli ClpP. As a control, we used ClpA and the general substrate a-casein. The in vitro degradation experiment illustrated in Figure 6A demonstrated that ClpAP could degrade a-casein but not MecA. In contrast, the double hybrid protein was able to degrade a-casein and MecA in the presence of ClpP, suggesting that CNTD-ClpA-CLi could form together with ClpP an active protease complex. Hence, the addition of both domains did not interfere with the ability of ClpA to recognize and degrade a-casein. Moreover, these domains in the framework of ClpA enabled the recognition and subsequent degradation of MecA. These results clearly demonstrate that the N-domain with the Linker domain of ClpC was sufficient not only for the recognition but also for the targeting and subsequent degradation of MecA.
A further question was whether the interaction of MecA with CNTD-ClpA-CLi could also support the targeting of a MecA-specific substrate like ComK. The results shown in Figure 6B demonstrate that in the presence of ComK-MBP, the MecA degradation was reduced, and ComK-MBP was concurrently degraded, albeit not as fast and as efficient as the MecA-mediated degradation of ComK by ClpCP. In the absence of MecA, no degradation of ComK-MBP took place. This indicated that the interaction of MecA with CNTD-ClpACLi was not only sufficient to degrade MecA but also enabled the targeting of ComK-MBP for degradation.
Discussion
We could demonstrate that MecA activated ClpC by participating in the assembly of the higher oligomeric complex of ClpC and MecA in the presence of nucleotides (Figure 7 ). All until now characterized adaptor proteins, like SspB for ClpX or ClpS for ClpA, were only expanding, modulating or improving the substrate recognition abilities of their cognate HSP100/Clp proteins, but were not necessary to activate them. And in contrast to E. coli, where, for example, the deletion of clpA or clpP revealed no strong phenotype, the tight control of ClpCP activity in B. subtilis appears to be very important.
To activate ClpC by facilitating its oligomerization is a very effective and new control mechanism. The pre-existing ClpC will be rendered inactive, unless activated by an adaptor protein. Thereby, ClpC is immediately available on demand and the adaptor MecA, when not delivering substrate protein, becomes itself a target for degradation by ClpCP (Schlothauer et al, 2003) . In addition, the considerable consumption of ATP by hexameric HSP100/Clp proteins as demonstrated for ClpX ) is more stringently controlled by this molecular mechanism. We could also demonstrate that the B. subtilis ClpP double-heptamer complex only formed when ClpC was activated and oligomerized ( Figure 5C ). This indicated a more dynamic ClpP oligomerization in B. subtilis compared to E. coli, whose oligomerization would depend on the availability of activated, hexameric ClpC, ClpX and ClpE. Interestingly, it has been recently demonstrated that human mitochondrial ClpP is a stable heptamer, which only formed the double heptameric structure in the presence of ClpX (Kang et al, 2005) . The dynamic state of the B. subtilis ClpP oligomer requires further investigation.
Other adaptor proteins are also available for the activation of ClpC. The MecA paralog YpbH, which is also an adaptor protein and can activate ClpC like MecA (Schlothauer et al, 2003) , assisted the oligomerization of ClpC (data not shown). We identified and are currently analyzing a third possible adaptor protein McsB, which displayed similar adaptor and activator abilities for ClpC, including the assistance of ClpC oligomerization (J Kirsten, T Schlothauer, U Gerth, M Hecker and K Turgay, in preparation). We already established that McsB and MecA could compete for interaction with ClpC (Kirstein et al, 2005) . Studies on the role of ClpC in sporulation (Pan and Losick, 2003) and on the identification of further ClpP substrates suggested that even more than these three adaptor proteins for ClpCP could exist in B. subtilis. Taken together, a more than sufficient amount of adaptor proteins should be available in vivo to interact with and activate ClpC (Turgay et al, 1998) . This suggests that our in vitro observation of a heterogeneous, unstructured species of higher oligomeric ClpC forming in the presence of ATP or ADP ( Figure 2C , Supplementary Figure 1c and d) is not relevant for the in vivo situation in B. subtilis.
In vivo, different adaptor proteins with, for example, different substrate affinities, targeting abilities or localization could activate ClpC, thereby providing oligomeric ClpC complexes with distinct substrate specificities for different physiological or regulatory purposes at various times, conditions and cellular locations.
The necessity of the presence of nucleotides for the formation of the higher oligomeric complexes of ClpC is not unexpected, because an analysis of the crystal structure of various hexameric AAA þ proteins revealed that ATP binding always occurs at the interface of two neighboring AAA þ domains (Ogura and Wilkinson, 2001; Guo et al, 2002b) . For different hexameric AAA þ proteins, it was observed that the binding and hydrolysis of ATP resulted in conformational changes (Rouiller et al, 2002) and it was demonstrated that the different nucleotide states correlated with different interaction strength within the oligomer (Gai et al, 2004) . The results of a recent study on the nucleotide binding of a Walker B mutant variant of ClpX demonstrated that the active ClpX hexamer contains three to four ATP or ADP in its six ATP binding sites. This and other experiments suggested that a concerted ATPase mechanism, where all six bound ATP molecules would be simultaneously hydrolyzed and released, could be ruled out (Hersch et al, 2005) . These results would suggest that due to the presence of the three to four bound ATP and ADP, the ClpC/MecA complex could remain assembled during the ATPase cycles.
The size of the complex of ClpC and MecA in the ATP-(769 kDa DWB, MecA and ATP; Figure 3A ) or ADP-(747719 kDa; Figure 2A ) bound state was consistent with a hexameric ring of ClpC interacting with six MecA molecules, a ratio where the disaggregation and refolding activity of ClpC and MecA was at its maximum (Schlothauer et al, 2003) . Analysis of EMs demonstrated that ClpC and MecA in the presence of ATP constituted distinct particles, which were in size and form similar to EMs taken from other ring-forming HSP100/Clp proteins like ClpA ( Figure 3A) .
Our experiments with the N-domain and Linker deletions as well as the ClpA-ClpC hybrid proteins demonstrate that the ClpC domains necessary for the interaction with MecA are the N-domain and the Linker domain. The ClpA-ClpC hybrid proteins displayed, unlike the ClpC deletion constructs, an additive effect in their ability to interact with MecA (compare Figure 5B and D) . This suggests that additional contributions by ClpC, which are not present in ClpA, could also be necessary for the more complex interaction of ClpC with its adaptor MecA. This is consistent with the different off and on kinetics of ClpC and CNTD-ClpA-CLi interacting with MecA in the Biacore experiment ( Figure 5D ) and the observation that CNTD-ClpACLi could support the MecA-dependent degradation of ComK-MBP, but not as efficient and fast as ClpC ( Figure 6B ).
The structure of ClpB from Thermus thermophilus has recently been determined (Lee et al, 2003) . A structural model of ClpC built upon the ClpB structure, which took the shorter Linker domain of ClpC into account, demonstrated that the NTD of ClpC could be positioned proximal to the Linker domain and a concurrent contact of MecA with the mobile ClpC Linker domain and the mobile NTD would be feasible (data not shown). This would fix the position of the Linker and could concomitantly also move the NTD in a position, which may allow better access of the substrate to the pore of the hexameric ClpC. A recent study demonstrated that the movement and the position of the middle domain of ClpB, which is homologous to the Linker domain, influences the ability of ClpB to form hexamers (Watanabe et al, 2005) , suggesting that MecA interacting with the ClpC Linker might also influence the assembly of the ClpC hexamer.
Whether the same activation mechanism is also in place for other ClpC homologs is not known yet. It has been recently demonstrated that cyanobacterial ClpC displayed, unlike B. subtilis ClpC, a high basal ATPase activity and could form a hexameric complex. Nevertheless, the same study also demonstrated that MecA from B. subtilis interacted with this cyanobacterial ClpC and enabled its chaperone activities (Andersson et al, 2006) . We plan to investigate the biochemical properties of different ClpC homologs from high GC Grampositive organisms like, for example, Mycobacterium, which do not encode known adaptor homologs.
It has been previously observed that an adaptor protein could negatively regulate the activity of an AAA þ protein.
PspA is an inhibitor of PspF, which is a bacterial enhancer protein of the AAA þ family (Chaney et al, 2001; Zhang et al, 2002) . As PspA inhibits the ATPase activity of PspF, it has been suggested that it could act by inhibiting the oligomer formation of this AAA þ protein (Dworkin et al, 2000; Elderkin et al, 2002) . Such a mechanism has also been suggested for the interaction of plant CDC48 with PUX1 (Rancour et al, 2004) .
Our results for ClpC and MecA demonstrate that controlling the ability of an AAA þ protein to form an active substrate accepting higher oligomeric complex is an important functional aspect and a mechanism by which the activity of this protein family can be regulated. This notion of such a controllable dynamic oligomerization is a concept, which could also apply to the understanding of the function and regulation of other AAA þ proteins, involved in various and diverse fundamental cellular functions.
Materials and methods
Proteins
Monomer protein concentrations were determined by using the BioRad Bradford assay with BSA as a standard. The ClpC-N-domain, ClpA, CNTD-ClpA, ClpA-CLi, CNTD-ClpA-CLi, E. coli and B. subtilis ClpP, MecA and the CTD of MecA were purified as described previously (Turgay et al, 1998; Persuh et al, 1999; Dougan et al, 2002b) . ClpC variants and ClpC and ComK-MBP were purified as described previously (Turgay et al, 1997; Schlothauer et al, 2003) . Pyruvate kinase was purchased from Sigma, a-casein from Fluka and luciferase from Sigma.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
